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Abstract 

Neuroblastonna is a solid tunnor that occurs nnainly in children. Malignant neuroblastonnas have a poor prognosis because 
conventional chennotherapeutic agents are not very effective. Survivin, a nnennber of the inhibitor of the apoptosis protein fannily, 
plays a significant role in cell division, inhibition of apoptosis, and pronnotion of cell proliferation and invasion. Previous studies found 
that survivin is highly expressed in sonne nnalignant neuroblastonnas and is correlated with poor prognosis. The ainn of this study was 
to investigate whether survivin could serve as a potential therapeutic target of hunnan neuroblastonna. We ennployed RNA 
interference to reduce survivin expression in the hunnan neuroblastonna SH-SY5Y cell line and analyzed the effect of RNA 
interference on cell proliferation and invasion in vitro and in vivo. RNA interference of survivin led to a significant decrease in 
invasiveness and proliferation and increased apoptosis in SH-SY5Y cells in vitro. RNA interference of survivin inhibited tunnor growth 
in vivo by 68 it 1 3% (P = 0.002) and increased the nunnber of apoptotic cells by 9.8 ± 1 .2% (P = 0.001 ) connpared with negative snnall 
interfering RNA (siRNA) treatnnent controls. Moreover, RNA interference of survivin inhibited the fornnation of lung nnetastases by 
92% (P = 0.002) and reduced nnicrovascular density by 60% (P = 0.0003). Survivin siRNA resulted in significant downregulation of 
survivin nnRNA and protein expression both in vitro and in vivo connpared with negative siRNA treatnnent controls. RNA interference 
of survivin was found to be a potent inhibitor of SH-SY5Y tunnor growth and nnetastasis fornnation. These results support further 
clinical developnnent of RNA interference of survivin as a treatnnent of neuroblastonna and other cancer types. 
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Introduction 

Neuroblastonna is the predonninant tunnor of early 
childhood. It is the nnost connnnon extracranial solid 
neoplasnn in children, is responsible for 7% of nnalig- 
nancies in patients younger than 15 years of age, and 
represents -15% of deaths fronn childhood cancer (1). 
Based on the International Neuroblastonna Staging 
Systenn, which considers stage, group, and tunnor 
biology, patients are assigned to low-, internnediate-, or 
high-risk groups (2). Despite advanced therapies includ- 
ing surgery, radiotherapy, and chennotherapy, children 
with high-risk neuroblastonna have an extrennely poor 
prognosis (3). The 5-year survival rate of high-risk 
patients is as low as 20-25%, and nnost patients develop 
nnetastatic dissennination (4). Therefore, novel therapies 
are urgently needed. 

Survivin is an inhibitor of apoptosis protein and is 
overexpressed in a wide spectrunn of tunnors, including 
neuroblastonna (5,6). As a known regulator of apoptosis. 



survivin also has a positive relationship with lynnphatic 
nnetastasis in breast cancer (7), prinnary laryngeal and 
cervical carcinonna (8), gastric cancer (9,10), and prostate 
carcinonna (11). Therefore, the inhibition of survivin by itself, 
or in connbination with other approaches, has ennerged as a 
pronnising therapeutic strategy. 

RNA interference by snnall interfering RNA (siRNA) is 
seen as a useful tool for successfully silencing genes. After 
uptake by cells, siRNAs are delivered to endoribonuclease- 
containing connplexes, known as RNA-induced silencing 
connplexes. Within this connplex, the siRNA binds to a 
connplennentary RNA nnolecule, and the target RNA is then 
cleaved and destroyed (12). Gene silencing by siRNA is 
effective and specific to the target gene and has nnany 
potential applications in cancer treatnnent (13). The ainn of 
this study was to investigate whether survivin could be a 
potential therapeutic target of hunnan neuroblastonna by 
RNA-induced silencing. 
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Material and Methods 
Cell culture 

SH-SY5Y and IMR32 human neuroblastoma cell lines 
were obtained from the American Type Culture Collection. 
The SH-SY5Y cells are aggressive and poorly differen- 
tiated. Cells were cultured in a 1:1 mixture of Dulbecco's 
modified Eagle's medium (DMEM) and Ham's F12 
medium, supplemented with 2 mM L-glutamine and 10% 
heat-inactivated fetal bovine serum (FBS), at 37°C in a 
humidified 5% CO2 atmosphere. 

Animals 

BALB/c nude mice (4-6 weeks of age) were used for 
all experiments. Animals were housed in the Experimental 
Animal Centre of Qilu Hospital, and procedures were 
approved by the Institutional Animal Care and Use 
Committee of Qilu Hospital. 

sIRNA transfection 

SH-SY5Y cells were transiently transfected with 2 jig 
survivin siRNA or control siRNA for 48 h using the 
Lipofectamine Plus™ reagent (Gibco BRL, USA) accord- 
ing to the manufacturer's protocol. Survivin siRNA or 
control SiRNA was selected with 400 |ig/mL G418 
(gentamicin) during a period of 3 weeks and used for 
further study. 

Western blotting 

Forty-eight hours after transfection with survivin 
siRNA or control siRNA, attached and floating cells were 
harvested on ice. Cells were lysed with Laemmli buffer 
[20% glycerol, 4% sodium dodecyl sulfate (SDS), 100 mM 
Tris-HCI, pH 6.8]. Protein was quantified with the RC-DC 
protein assay (Bio-Rad Inc., USA). Lysates were sepa- 
rated on a 10% SDS-polyacrylamide gel electrophoresis 
gel and electroblotted onto a transfer membrane (Millipore, 
UK). Blocking and incubation were performed in 2.5-5% 
Tris-buffered saline using standard procedures. Primary 
antibodies used were anti-survivin rabbit polyclonal anti- 
body and anti-(3-actin mouse monoclonal antibody (Abeam, 
USA). The secondary antibody used was a secondary 
sheep anti-mouse antibody (Amersham, Belgium). 
Proteins were visualized using an electrochemolumines- 
cence detection kit (Amersham). 

Reverse transcriptase-polymerase chain reaction 
(RT-PCR) 

RT-PCR experiments were conducted to monitor the 
knockdown of survivin mRNA expression after treatment 
with survivin siRNA. SH-SY5Y cells were grown at 37°C 
in 5% CO2 and transfected with survivin siRNA or control 
SiRNA for 48 h. Total RNA was isolated from the cells 
(1x10® cells/sample) using TRIzol® Reagent (Invitrogen, 
USA). The following primer sequences for PCR amplifica- 
tions of genes were used: survivin (forward: 5'-CATTCA 



AGAACTGGCCCTTC-3' and reverse: 5'-CTAAGACATT 
GCTAAGGGGC-3') and GyAPDH (forward: 5'-ATGGGGA 
AGGTGAAGGTCGG-3' and reverse: 5'-AGACGCCAGT 
GGACTCCACGACG-3'). Complementary DNA was 
synthesized using a Superscript™ one-step RT-PCR kit 
on a PCR cycler by heating to 50°C for 30 min, followed by 
30 cycles of amplification (denaturation at 94°C for 15 s, 
annealing at 55°C for 30 s, and extension at 72°C for 
1 min), and a final extension step at 72°C for 10 min. The 
RT-PCR products were resolved by electrophoresis on 1 % 
agarose gels, stained with ethidium bromide (1 |ig/mL), 
and visualized using a UV chamber (Alpha Innotech, USA). 
Expression of GAPDH was used as an internal standard. 

Cell proliferation assay 

SH-SY5Y cells of G418-selected transfectants were 
seeded on 96-well plates at a concentration of 5 x 10^ per 
well 1 day before the experiment. 3-(4,5-Dimethylthiazol- 
2-yl)-2,5-diphenyltetrazolium bromide (MTT, 0.5 mg/mL; 
Sigma-Aldrich, USA) was added to each well at 1, 2, 3, 4, 
or 5 days after seeding. Generally, cells were cultured at 
37°C for 4 h, and then 150 jiL dimethyl sulfoxide was 
added. The absorption was measured at a wavelength of 
490 nm. 

Soft agar colony formation assay 

The assay was conducted on 6-well plates. Each well 
contained a bottom layer of 1% agarose, a middle layer of 
0.5% agarose that included 7.5x10^ stably transfected 
SH-SY5Y cells, and a top layer of media. The media in the 
top layer was changed every sixth day. After 14 days, 
cells were stained with Giemsa solution (Gibco BRL) and 
counted using the Quantity One® analysis software 
(Bio-Rad Inc.). 

In vitro terminal deoxy nucleotidyl transferase dUTP 
nick-end labeling (TUNEL) assay 

Cells were plated at a density of 1 x 10"^ cells per well 
on 24-well plates. A constant amount of 100 nM siRNA 
was added to the cell culture in each well. After incubating 
the cells for 48 h, the TUNEL assay was performed using 
an in situ Cell Death Detection kit (Roche, Germany) 
according to the manufacturer's protocol. All assays were 
performed in quadruplicate. 

Invasive assay in vitro 

BD BioCoat Matrigel™ invasion chambers including 
polyethylene terephthalate filters coated with Matrigel 
basement membrane matrix (6 wells, 8 |im pore size; BD 
Biosciences, USA) were rehydrated just before the assay 
using FBS-free DMEM according to the manufacturer's 
instructions. The chambers were assembled using freshly 
prepared Matrigel-coated filters, and DMEM containing 
0.8 mL NIH-3T3 was added as a chemoattractant in the 
lower compartment. G418-selected transfectants were 
harvested by trypsinization, and suspended in DMEM 
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containing 10% FCS. The cells (at a concentration of 
1 .25 X 1 0^ cells/2 mL) were added to the invasion chamber 
containing a Matrigel-coated filter, and the assembled 
chambers were incubated for 24 h at 37°C. At the end of 
the incubation, nonmigrating cells, which remained on the 
upper surface of the filter, were completely removed by 
wiping with a cotton swab. The cells on the bottom surface 
of the filter were fixed with 100% ethanol for 30 s and 
stained with toluidine blue for 10 min. Cells that migrated 
into the lower chamber were counted. Experiments were 
repeated in triplicate. 

In vivo xenograft model of growth and metastases 

For metastasis observation, immunodeficient, 4-week- 
old male mice were purchased from Institute of Zoology, 
Chinese Academy of Sciences (Shanghai, China). 
Autoclaved cages containing food and water were 
changed once per week, and mouse body weight was 
measured every 3-4 days. SH-SY5Y cells (5x10^), in 
which survivin was silenced, were injected into the 
abdominal cavity of the mice. The experiments were 
terminated after 21 days. Animals were killed by CO2 
inhalation, and autopsies were performed for the assess- 
ment of metastases using the number of seeded tumors in 
the abdominal cavity. 

For growth observation, xenograft tumors were estab- 
lished by subcutaneous injection of stably transfected 
SH-SY5Y cells (5 x 10^) into the flanks of 4-week-old female 
nude mice (n = 6 per group). The experiments were 
terminated after 21 days. Tumor growth was monitored 
three times per week by calipers, and tumor volumes were 
calculated according to the formula (length x width^)/2. 

Immunohistochemistry 

Tumors were harvested from nude mice at the end of 
the experiments on day 21. Immunohistochemical studies 
were done on 4-jim thick sections obtained from zinc-fixed, 
paraffin wax-embedded tumor tissue blocks. Sections were 
mounted on slides, dewaxed, and rehydrated, and endoge- 
nous peroxidase activity was quenched before survivin- 
specific immunohistochemical staining. After specific 
staining or hematoxylin and eosin staining, sections were 
dehydrated in alcohol, cleared in xylene, and coverslipped 
for microscopic observation. 

In vivo TUNEL detection 

Histological sections were deparaffinized, hydrated in 
deionized water, and rinsed with phosphate-buffered saline 
(PBS). The sections were treated with 20 jig/mL proteinase 
K for 15 min to digest protein, and with 3% H2O2 for 5 min 
to quench endogenous peroxidase activity. After they were 
washed with PBS, equilibration buffer was added. The 
slides were then treated with 10 |iL working-strength 
terminal deoxynucleotidyl transferase enzyme at 37°C for 
60 min. Subsequently, the sections were incubated with 
preheated working-strength stop solution for 10 min, with 
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Figure 1. Expression of survivin in neuroblastoma cell lines. A, 
Representative Western blots to show the presence of survivin in 
neuroblastoma SH-SY5Y and IMR32 cell lines. Expression of p- 
actin was used as a loading control. B, Representative RT-PGR 
to show the expression of survivin mRNA. The expression of 
GAPDH mRNA was used as a loading control. 

anti-digoxigenin horseradish peroxidase (POD) for 30 min 
and with a metal-enhanced diaminobenzidine kit (Pierce, 
China) for 3-6 min, and washed with PBS or deionized 
water after each incubation. Finally, the sections were 
counterstained with methyl green (Vector stock solution) or 
Mayer's hematoxylin, and mounted on slides. The percent- 
age of apoptotic cells was calculated as the number of 
apoptotic cells per number of total cells times 100. 

Statistical analysis 

Data are reported as means ±SD. Experiments were 
repeated three times, with triplicate samples for each. 
Data were analyzed by ANOVA and the Mann-Whitney 
U-test. Statistical significance was defined as P<0.05. 

Results 

Overexpression of survivin in neuroblastoma cell 
lines 

We examined the expression of survivin in IMR32 and 
SH-SY5Y cell lines. Western blotting showed high expres- 
sion of survivin protein in SH-SY5Y cells and very low 
expression in IMR32 cells (Figure 1A). Further, RT-PCR 
analysis showed similar variations in survivin expression 
in SH-SY5Y and IMR32 cells (Figure IB). Based on 
the findings, we used the SH-SY5Y cell line for further 
experiments. 

Downregulation of survivin mRNA and protein levels 
in SH-SY5Y cells 

We examined the downregulation of survivin mRNA 
and protein levels in neuroblastoma SH-SY5Y cells after 
stable survivin siRNA or control siRNA transfection. RT- 
PCR and Western blot analyses showed the extent of 
survivin downregulation at the protein (Figure 2A) and 
mRNA (Figure 2B) levels, respectively, in SH-SY5Y cells. 
No changes in mRNA and protein levels were observed 
when cells were transfected with the control siRNA. We 
used GAPDH mRNA expression and (3-actin protein 
expression as internal controls for RT-PCR and Western 
blotting, respectively. Downregulation of survivin inhibited 
cell proliferation and decreased colony-forming ability. 

To confirm the effect of survivin inhibition on cell 
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Figure 2. Alterations in survivin mRNA and protein levels in SH- 
SY5Y cells after stable transfection with survivin siRNA or control 
siRNA. A, Western blotting for exannining expression of survivin 
protein. Western blots were reprobed for p-actin content to 
dennonstrate that all lanes were loaded with equal announts of 
protein. B, RT-PCR analysis for survivin nnRNA expression. The 
expression of GAPDH nnRNA was used as an internal control. 

growth, cells stably transfected with survivin siRNA were 
cultured. The MTT assay showed that the survivin siRNA- 
transfected SH-SY5Y cells grew more slowly than control 
siRNA-transfected cells (Figure 3A; P<0.05). We used a 
soft agar colony formation assay to explore the effect of 
survivin knockdown on tumorigenesis in vitro, and the 
results showed that colony formation by survivin siRNA- 
transfected cells was decreased compared with that of 
control SiRNA-transfected cells (Figure 3B; P<0.05). 

Effects of survivin siRNA on cell apoptosis in vitro 

To further verify the effects of survivin siRNA, TUNEL 
analysis was conducted to quantify cell apoptosis. The 
numbers of TUNEL-positive cells were counted to obtain 
the percentage of apoptotic cells. As shown in Figure 4, 
survivin siRNA transfection (day 2) resulted in the highest 
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Figure 3. Influence of survivin knockdown on cell growth and 
colony number. A, MTT assay was analyzed for SH-SY5Y cells 
left untreated, transfected with survivin siRNA, and transfected 
with control siRNA on days 1, 2, 3, 4, and 5. B, Soft agar assay 
was assessed to evaluate the colony-forming ability of the cells. 
Data are reported as means ±SD. *P<0.05 compared with 
untreated SH-SY5Y or control siRNA-transfected cells (Mann- 
Whitney U-test). 



Figure 4. Influence of survivin knockdown on cell apoptosis. 
TUNEL staining was used to detect apoptosis in SH-SY5Y cells 
after transient survivin siRNA and control siRNA transfection for 
48 h. Data are reported as means ±SD. *P<0.05, compared with 
untreated SH-SY5Y cells or control siRNA-transfected cells 
(Mann-Whitney U-test). 

level of cell apoptosis (14.3 ±2.7%), which was significantly 
higher than the level induced by transfection with the control 
SiRNA (2.8 ±0.8%). 

Downregulation of survivin inhibits cell migration in 
SH-SY5Y cells in vitro 

We examined the effects of survivin knockdown on the 
ability of SH-SY5Y cells to nnigrate through a Matrigel- 
coated membrane. Cells below the membrane that 
migrated through the Matrigel coating were stained and 
examined by light microscopy. We found that control 
siRNA transfection did not prevent cells from migrating 
through the Matrigel-coated membrane, but survivin 
siRNA transfection significantly reduced cell migration 
(Figure 5). 

In vivo inhibition of tumor growth and metastasis 

Two deaths were noted in the survivin siRNA and 
control SiRNA groups before the end of the 21 -day 
treatment period because of large tumors. Conversely, 
all mice receiving survivin siRNA survived and exhibited a 
healthier appearance. As shown in Figure 6A, tumor 
volumes were significantly smaller in the survivin siRNA 
group (68 ±13%, P = 0.002) relative to the control siRNA 
group. Control siRNA failed to inhibit tumor growth. 

On the basis of the effects of survivin siRNA on tumor 
growth, we then tested the potential for survivin siRNA to 
enhance apoptosis in vivo. As shown in Figure 6B, 
significant increases in apoptosis were not seen in the 
control SiRNA groups. However, apoptosis was significantly 
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Figure 5. Cell migration assay in neuroblastonna SH-SY5Y cells. 
Quantitation of Matrigel-invaded cells underneath the membrane. 
Data are reported as means ±SD of 3 independent experiments. 
*P<0.01, compared with control siRNA (Mann-Whitney U-test). 
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Figure 6. Tumor growth and metastasis inhibition 
in vivo by survivin siRNA. A, Survival curves of 
pseudometastatic neuroblastoma-bearing mice 
in response to survivin small interfering RNA 
(survivin siRNA) and control siRNA (n = 8). B, 
Terminal deoxynucleotidyl transferase-mediated 
nick-end labeling (TUNEL) staining performed on 
formalin-fixed and paraffin-embedded tumor sec- 
tions of SH-SY5Y subcutaneous tumors. TUNEL 
staining revealed a massive induction of apopto- 
sis by survivin siRNA. C, Seeded tumors in the 
abdominal cavity organs of each animal were 
evaluated for the extent of metastatic invasion. 
Data are reported as means ±SD of 3 indepen- 
dent experiments. *P<0.05, compared to control 
SiRNA (Mann-Whitney U-test). 
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increased by 9. 8 ±1.2% (P = 0.01) in tumors treated with 
survivin siRNA. 

Immunohistochemical staining revealed high levels of 
survivin expression in the orthotopic tumors in the control 
siRNA group and low levels of survivin expression in the 
orthotopic tumors of the survivin siRNA group (data not 
shown). 

We then tested the effect of survivin siRNA on SH- 
SY5Y pseudometastatic models. The mice were injected 
with (5 X 10®) SH-SY5Y cells in which survivin was silenced 
(18 animals) or control siRNA-transfected (18 animals) SH- 
SY5Y cells into the abdominal cavity on day 0. After 21 
days, the animals were killed, and autopsies were 
performed to remove organs. There were many off-white 
nodules in the peritoneum, retina, mesentery, intestinal, 
and gastric walls. Autopsy results revealed a reduction of 
seeded tumor nodules in the abdominal organs in the 
survivin siRNA-transfected group. The number of seeded 
tumors was 126.8±12.6, 110.7±14.4, and 26.87±8.4 in 
the SH-SY5Y, control siRNA-transfected, and survivin 
SiRNA-transfected groups, respectively. Differences in 
the number of seeded tumors reached statistical signifi- 
cance (P = 0.013; Figure 6C). Immunohistochemical stain- 
ing revealed high levels of survivin expression in the control 
siRNA group and low levels in the survivin siRNA group 
(data not shown). 

Discussion 

Despite many advances in the past three decades, 
neuroblastoma has remained an enigmatic challenge to 
clinical and basic scientists. A large body of data from basic 



research into genes and oncogenes has accumulated. 
Increased or decreased expression of the MYCN, H-ras, 
and trkA genes in neuroblastoma is well known (14-17). 
However, the continuing poor prognosis for advanced 
neuroblastoma reflects, in part, a lack of knowledge of the 
tumor's basic biology. 

Previous data have demonstrated that survivin expres- 
sion is increased in human neuroblastoma tissues and 
cultured cell lines (5,6,18). The expression level of survivin 
has been correlated with the clinical staging of neuroblas- 
toma. Multivariate analysis has suggested that survivin 
may be an independent prognostic biomarker for neuro- 
blastoma. In our current study, we evaluated the possibility 
of survivin as a therapeutic target of neuroblastoma. 

In the present study, we observed that survivin was 
overexpressed in human malignant neuroblastoma SH- 
SY5Y cells, and very slightly expressed in the IMR32 cell 
line. Thus, survivin could be a potential therapeutic target 
for the treatment of malignant neuroblastoma SH-SY5Y 
cells. 

Recently, the problem of "off-target" effects from RNA 
interference has been documented (19). In studies not 
presented here, we established a distinct line of survivin- 
suppressed SH-SY5Y cells in which gene expression 
analysis confirmed that survivin was downregulated (20). 
In the present study, we successfully employed survivin 
SiRNA to knock down survivin mRNA and protein levels in 
human malignant neuroblastoma SH-SY5Y cell lines. We 
found that siRNA directed against survivin resulted in 
complete suppression of survivin expression at the mRNA 
and protein levels in SH-SY5Y cells. In this study, we found 
that, after transfection with survivin siRNA, the survivin 
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mRNA level and protein expression decreased; meanwhile 
cell growth was inhibited and apoptosis increased in vitro. 
Therefore, our data confirmed that survivin serves to 
regulate both cell proliferation and survival. We observed 
that targeted disruption of survivin in SH-SY5Y cells 
resulted in a significant decrease in cell invasion across 
an artificial matrix that mimics an in vivo extracellular 
matrix. Therefore, our data also confirmed that survivin 
serves to regulate invasive ability. 

Because survivin plays an important role in the growth 
and invasion of neuroblastoma cells in vitro, we then 
explored the role of survivin in vivo. Our study showed 
that survivin siRNA-transfected tumors grew very slowly, 
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